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Quantitative, non-invasive assessment of
ventricular septal defect shunt flow by measuring
proximal isovelocity surface area on colour
Doppler mapping

Shunji Kurotobi, Tetsuya Sano, Tohru Matsushita, Makoto Takeuchi,
Shigetoyo Kogaki, Takashi Miwatani, Shintaro Okada

Abstract
Objective-To determine whether the
proximal isovelocity surface area (PISA)
method could be applied to estimate the
magnitude of ventricular septal defect
(VSD) shunt flow.
Design-Prospective analysis of clinical,
echocardiographic, and angiographic
data.
Setting-University hospital.
Patients-14 children with VSD.
Methods-Colour Doppler images ofVSD
shunt flow were obtained in parasternal
long axis view, four chamber view or
both, adjusted to provide the best imaging
of flow. The VSD shunt flow rate and
shunt volume were calculated as foliows:
shunt flow rate (SFR) = 2 ir r2 V/BSA in
MlIsIm2; shunt volume = SFR x shunt
duration time. The shunt volume, shunt
fraction, and pulmonary to systemic flow
ratio (Qp:Qs) were confirmed by cardiac
catheterisation.
Results-There was a correlation between
shunt variables determined by PISA and
those by catheterisation, including shunt
volume (r = 0-78, P = 0.001) and shunt
fraction (r = 0 74, P = 0.003). Qp:Qs was
also significantly correlated with SFR
(r = 0 79, P = 0.0007). The SFR was sig-
nificantly different between the four
patients with Qp:Qs < 2-0 (mean (SD) 54
(33) m/sliM2) and the 10 patients with
Qp:Qs > 2-0 (186 (69) mllslm2) (P =
0.004).
Conclusions-These data suggest that the
PISA method is a reliable non-invasive
investigation for the quantitative assess-
ment of VSD shunt flow and provides
important information for decisions
regarding surgical repair.
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A flow convergence region is visualised as an
aliased hemispheric area at the proximal
region of a valvar orifice by Doppler colour
flow mapping in patients with mitral regurgita-
tion. Previous studies have demonstrated the
ability to assess regurgitant flow volume quan-
titatively by measuring the flow convergence
area, or proximal isovelocity surface area

(PISA), in both experimental and clinical set-
tings.'-6 PISA is not only imaged in patients
with valvar regurgitation but also in patients
with shunts from congenital heart diseases,
especially ventricular septal defects (VSD).
Recently this hydrodynamic concept has been
used to develop a non-invasive method for
quantitative assessment of shunt flow across a
VSD.7 However, there are several potential
error sources in the clinical application of
PISA to shunt measurement in VSD. It is also
unclear whether this non-invasive method is
reliable and accurate compared with evalua-
tion by cardiac catheterisation. The present
study modified the PISA method with a shunt
phase correction using a spectral Doppler
echocardiogram to determine whether the
method could provide precise measurements
of the magnitude of shunt flow.

Methods
PATIENT SELECTION
Thirty four children with VSD were referred
to our cardiology outpatient clinic between
1993 and 1994 to determine whether surgical
closure was indicated. Fourteen of the 34
patients, aged 4 months to 6 years (median 11
months), subsequently underwent cardiac
catheterisation to determine the need for VSD
closure and formed the study group. All 14
patients had a perimembranous VSD. Digoxin
or diuretics had been taken by 13 of 14 study
patients.

DOPPLER COLOUR FLOW MAPPING
All 14 patients underwent Doppler colour flow
mapping for assessment of VSD shunt flow
using the PISA method after routine echo-
cardiographic evaluation including cross
sectional, M mode, Doppler colour flow map-
ping, and spectral Doppler studies. Infants
were sedated with triclofos sodium
(100 mg/kg) for the examination. Echocardio-
graphic examination was performed using a
Hewlett Packard Sonos 1500 (Tokyo, Japan)
with a 3-5 or 5 MHz transducer. The aliasing
velocity in this study with colour Doppler
imaging by the PISA method ranged frQm 31
to 51 cm/s. The colour gain level was kept just
below the point where static noise was visible
in the colour signal. The frame memory func-
tion, which allows frame by frame analysis,
and the zoom function were employed to
obtain a high quality image of the PISA of the
VSD shunt flow. The frame image of maxi-
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mum hemispheric PISA of the VSD shunt
flow was obtained on the oblique four cham-
ber view, long axis view or both in each
patient.

DOPPLER COLOUR FLOW MEASUREMENTS
The PISA was defined on Doppler flow map-
ping as a hemispheric area of laminar flow
with aliased velocities entering the restrictive
orifice. The first aliasing region may be con-

sidered a hemispheric isovelocity surface. The
radius of hemispheric PISA, from the border
of the first colour convergence to the centre of
the VSD, was measured manually (fig 1). The
continuity equation predicts that all flow
crossing this boundary, boundary of the PISA,
will enter the orifice, and thus the flow velocity
area along this surface should equal the instan-
taneous flow volume. Multiplying the area of
the isovelocity hemisphere surface (cm2) by
the velocity (aliasing velocity) (cm/s) along it
yields an index of flow. Therefore, it is possi-
ble to calculate the flow rate (in ml/s) by the
following formula: flow rate = 2 Xr r2 V, where
r is the radius of hemispheric PISA and V is
the aliasing velocity.

VSD SHUNT FLOW CALCULATIONS
The VSD shunt flow rate (SFR) (in ml/S/m2)
was obtained using the aforementioned for-
mula indexed to body surface area. The shunt
of a restrictive VSD is mostly detected during
the systolic phase. The VSD shunt duration
(in seconds) was measured, and VSD shunt
during the systolic phase was confirmed on

the spectral Doppler echocardiogram. The
VSD shunt volume (in ml/m2) was calculated
using the corrected SFR and shunt duration:
shunt volume = SFR x shunt duration. Left
ventricular end diastolic volume index
(LVEDVI), left ventricular end systolic vol-
ume index (LVESVI), and left ventricular
stroke volume index (LVSVI) were measured
as the M mode variables. The three volume
characteristics were calculated by Teicholtz's
equation.8 Finally, the shunt fraction (%) by
the PISA method was calculated as the shunt
volume divided by the LVSVI. All measure-

ments were an average of three consecutive
beats. There was no significant difference in
heart rate during measurements in any

patient.

CARDIAC CATHETERISATION
Cardiac catheterisation and biplane left ven-
triculography was performed one or two days
(mean (SD) 1X8 (0 3)) after the echocardio-
graphic examination. Premedication with
pethidine hydrochloride and pentazocine was
followed by mild anaesthesia with a single
intravenous injection of thiopental sodium
(1-1 5 mg/kg). Biplane cineangiographic left
ventriculography was performed under stable
haemodynamic conditions at least 60 minutes
after anaesthesia. Ventricular volume was cal-
culated by the area-length method and cor-

rected using the regression equation derived
by Dodge et al.9 The pulmonary to systemic
flow ratio (Qp:Qs) and shunt fraction were

calculated by Fick's rule based on estimated
oxygen consumption.'0 Shunt volume was also
calculated using the stroke volume from left
ventricular volumetry times the shunt fraction.

STATISTICAL ANALYSIS
Results were expressed as a mean (SD).
Linear regression analysis was used to corre-

late PISA with other parameters. The differ-
ence between catheterisation and PISA
measurements of shunt volume and shunt
fraction were compared using the analysis of
Bland and Altman."I Student's t test was used
to compare the two groups. P < 0 05 was con-

sidered statistically significant.

Results
VSD SHUNT ESTIMATION BY DOPPLER FLOW
MAPPING AND CARDIAC CATHETERISATION
The table shows the shunt flow variables
obtained by both the PISA method using
Doppler colour flow mapping and cardiac
catheterisation. The SFR by the PISA method
ranged from 22-302 mI/s/m2 (mean 70 (79)).
Shunt volume by the PISA method ranged
from 7-78 ml/m2 (mean 38 (20)) and by car-

diac catheterisation it was 9-64 ml/m2 (mean
39 (15)). Shunt fraction by PISA ranged from
8-80% (mean 46 (22)) and by catheterisation it
was 14-60% (mean 45 (14)).

CORRELATION BETWEEN THE PISA METHOD

AND CARDIAC CATHETERISATION
A positive correlation (r = 0-78, P = 0 001)
was demonstrated between shunt volume

Haemodynamic data assessed by PISA and cardiac catheterisation in 14 patients with ventricular septal defect

Cardiac catheterisation Doppler colourflow mapping (PISA)

Shunt Shunt Shuntflow Shunt Shunt
Age volume fraction rate volume fraction

Case (years) Sex (ml/m2) (%) Qp:Qs (ml/s/m2) (ml/m2) (%)

1 1 M 60 54 2-3 180 45 58
2 1 F 43 56 2-5 110 39 61
3 0-8 M 41 55 2-5 122 29 34
4 0-5 M 32 35 2-4 243 49 52
5 6 M 18 22 1-3 33 10 8
6 0 3 M 64 54 2-7 278 78 55
7 3 M 9 14 1-2 22 7 8
8 0 5 M 30 35 1.9 80 26 44
9 2 M 30 40 1-8 88 21 33
10 1 M 55 56 2-4 110 38 40
11 0-6 M 38 46 2-8 302 60 62
12 0 5 F 44 60 2-5 169 47 74
13 1-5 M 45 52 2-1 143 37 80
14 0 7 M 45 50 2-1 202 40 38

Qp:Qs, pulmonary to systemic flow ratio.
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Figure 1 (Left) Diagram
of the proximal isovelocity
surface area. Measurement
of the radius Rfrom the
first aliasing to ventricular
septal defect (VSD) is
illustrated. (Right) Colour
flow mapping ofproximal
isovelocity surface area.
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measured by the PISA method and by cardiac
catheterisation (fig 2A). Standard error of the
estimate was 10 m/rM2. The PISA method
tended to underestimate shunt volume in
patients with small or moderate shunts, and
overestimate it in patients with large shunts
compared with cardiac catheterisation (fig
2B). There was also a positive correlation (r =
0 74, P = 0 003) between the shunt fraction
by the PISA method and by cardiac catheteri-
sation (fig 3A). Standard error of the estimate
was 4%. Again there was an overestimation
using the PISA method in patients with large
shunts and underestimation in patients with
small shunts (fig 3B). The Qp:Qs by Fick
ranged from 1-3-2-8 (mean 2-2 (0 5)). There
was a significant correlation (r = 0 79, P =
0 0007) between SFR by PISA and Qp:Qs by
Fick (fig 4). The SFR measured by the PISA
method in all four patients with a Qp:Qs ratio
< 2-0 was less than 100 ml/s/m2 (mean 54
(33)) and in all 10 patients with a Qp:Qs ratio
> 2-0 it was greater than 100 ml/s/m2 (mean
186 (69)) (P = 0-004).

REPRODUCIBILITY
There was excellent inter- and intraobserver
agreement for the calculation of SFR by PISA
(r = 0-98 for both). Intraobserver difference
was 11 (8) mlIs/m2, and interobserver differ-
ence was 14 (8) ml/s/m2.

Discussion
The indication for surgical closure of a VSD is
still determined by cardiac catheterisation
findings in many institutions, although many
non-invasive assessments for VSD have been
reported. There are two important haemody-
namic findings from cardiac catheterisation
data guiding decision making for VSD closure:
the magnitude of the VSD shunt volume and
the pulmonary arterial pressure. Pulmonary
artery pressure can be evaluated accurately by
velocimetry of VSD flow on spectral Doppler
tracing. However, quantitative estimation of
VSD shunt flow has not yet been established,
despite reports of non-invasive methods using
cross sectional and spectral Doppler echocar-
diography.'2 13 These methods have several
methodological limitations, including a
requirement for simultaneous measurements
of valve diameters and flow velocity in both
the aorta and pulmonary artery, and conver-
sion of the valve diameter to flow area;
processes which are very time consuming and
are potential sources of error. In contrast, the
PISA method allows quantitative assessment
of VSD shunt flow more quickly and easily
than previous methods, because VSD shunt
calculation requires only measurements of
area on one image of colour flow mapping and
shunt duration on spectral Doppler recording.
This makes the PISA method very practical
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Figure 2 (A) Scatterplots
showing the correlation of
shunt volume measurement
by the PISA method and
by cardiac catheterisation.
Dashed line is the line of
identity. (B) Mean shunt
volume between
catheterisation and PISA
measurements compared
with the difference of the
measurements. The mean
difference (solid line) and
+ 2SDfrom this difference
(dashed lines) are shown.
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Figure 3 (A) Scatterplots
showing the correlation of
shunt fraction measured by
the PISA method and by
cardiac catheterisation.
Dashed line is the line of
identity. (B) Mean shunt
fraction between
catheterisation and PISA
measurements compared
with the difference of the
measurements. The mean
difference (solid line) and
± 2SD from the difference
(dashed line) are shown.
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and simple compared with other non-invasive
methods.

ACCURACY OF PISA METHOD FOR VSD SHUNT
ESTIMATION
There were clinically useful correlations
between the PISA and cardiac catheterisation
methods of measuring shunt volume and
shunt fraction. Additionally, we observed a
significant correlation between SFR estimated
by PISA and Qp:Qs, and other indices assess-
ing the grade of left ventricular volume over-
load. 1416 However, SFR measured by the
PISA method also has potential sources of
error when measuring VSD shunt flow. To
minimise this error we converted SFR to shunt
volume by multiplying the SFR and shunt
duration obtained from the Doppler flow
velocity curve for VSD shunt flow. As a result,
we obtained a linear correlation between PISA
and cardiac catheterisation in quantifying
VSD shunt volume and shunt fraction. This
confirms that the PISA method has enough
accuracy to estimate the grade ofVSD shunt.

It is noteworthy that there was no overlap-
ping values for SFR measured by PISA in

y = 0.004x + 1.5, r= 0.79

0

0 0
0 0

0

0

0 50 100 150 200 250 300

Shunt flow rate by PISA (ml/s/m2)
Figure 4 The relation between shuntflow rate measured by PISA and pulmonary to
systemic flow ratio (Qp:Qs). There is no overlapping measurements ofSFR between
patients with a Qp:Qs ratio of < 2-0 and > 2 0.

cases with Qp:Qs < 2-0 and > 2-0; however,
our patient population was very small. The
decision regarding surgical repair is frequently
based on whether the Qp:Qs is > 2-0. Our
data suggest that PISA is a reliable investiga-
tion for the quantitative assessment of VSD
shunt flow and provides useful information for
decisions regarding surgical repair.

LIMITATIONS
There are several potential sources of error in
the measurement of PISA and the calculation
of VSD shunt from Doppler colour flow map-
ping images. We used only one frame imaging
maximum PISA per systole, therefore, the
largest radius representing a maximal flow
state was chosen to calculate VSD shunt flow.
Theoretically, the shunt velocity profile and
shunt duration is dependent on the pressure
gradient between the left and right ventricle,
therefore, PISA may change throughout the
shunt duration. This study has shown that the
PISA method tends to underestimate both the
shunt volume and fraction in patients with
small to moderate shunts, and to overestimate
them in patients with large shunts. The use of
the largest radius is probably the primary rea-
son for overestimation of the VSD shunt in
patients with a large shunt. On the other hand,
in patients with a small to moderate shunt, the
radius may not be maximal because of the rel-
atively short shunt duration and varied VSD
shunt profile during the shunt phase.
Additionally, shunt estimation by Fick's prin-
ciple during the cardiac catheterisation is not
perfect. The use of relatively strong sedatives
may alter the haemodynamics, particularly the
pulmonary circulation. Sedation and/or mild
anaesthesia can cause pulmonary vasodilata-
tion, however, it can also cause hypercapnoeic
pulmonary vasoconstriction, especially in
small infants with high pulmonary flow and/or
pulmonary hypertension. Thus, the fact that
the echocardiography and catheter studies
were done on separate days may have caused
the error. These factors may explain the differ-
ence in VSD shunt variables by PISA method
and cardiac catheterisation. Doppler colour
flow mapping studies are usually performed
without sedatives. The PISA method, there-
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fore, may represent more physiological VSD
shunt magnitudes than those of cardiac
catheterisation.

CLINICAL IMPLICATIONS
This study has shown the possibility of using
echocardiographic assessment of VSD for
determining whether surgical closure is
required. An SFR of 100 ml/s/m2 is the cut off
point for VSD shunt magnitude, equivalent to a
Qp:Qs ratio of 1 9. In our institution, the crite-
rion for surgical closure of a VSD without pul-
monary hypertension has been a Qp:Qs ratio
of 1 8 by the Fick principle,'7 which corre-
sponds to a 75 mIl/s/m2 shunt flow rate by the
PISA method. An SFR of 125 ml/s/m2 is equal
to a Qp:Qs ratio of 2-0.

Multiple VSD is a difficult anomaly for sur-
gical decision making as well as for clinical
management. The PISA method may give fur-
ther information in the assessment of multiple
VSD. The PISA method may provide assess-
ment ofVSD shunt magnitude for each defect
in patients with multiple VSD.

CONCLUSIONS
Our results suggest the ability of the PISA
method to quantify shunt volume in patients
with VSD. PISA can provide important infor-
mation for decisions regarding surgical repair.
Further study is required to confirm the relia-
bility and accuracy of PISA.
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